Bovine viral diarrhea virus (BVDV) is recognized worldwide as a major cause of economic loss in cattle. Infection with BVDV can result in several clinical outcomes. However, the reproductive consequences may be the most important. Infertility, early embryonic death, abortion, and congenital anomalies have all been reported following acute infection with BVDV. The cause of infertility following acute BVDV infection is not known. BVDV has been isolated from the bovine ovary and has been associated with chronic oophoritis. The purpose of this study was to identify the ovarian cell types infected with BVDV following acute infection. Twelve heifers were acutely infected with noncytopathic BVDV, and ovariectomies were performed between 4 and 60 days postinfection. BVDV was isolated on days 6 and 8 postinfection. Viral antigen was detected in macrophage-like cells and stromal cells in the ovarian cortex and oophoritis was evident from 6 to 60 days postinfection. These findings indicate that acute infection with BVDV may result in changes in ovarian function that could lead to reduced fertility.
Infection of cattle with bovine viral diarrhea virus
(BVDV) can result in many clinical manifestations. 7 Reproductive effects may be the most important consequence following acute infection of susceptible cattle. Reduced fertility, early embryonic death, abortions, and various congenital anomalies have been reported to occur following acute BVDV infection. 25 Reduced fertility in cattle with BVDV infection has been reported and is often a significant complaint in herds where BVDV has been identified. 17, 23 Although the mechanism of this reduced fertility has not been determined, several suggested explanations include failure of fertilization, 14 early embryonic death, 5 and ovarian dysfunction. 19 Herd fertility problems have also been associated with poor quality semen originating from bulls persistently infected with BVDV. 21 BVDV has been isolated from the ovaries of cattle experimentally infected with BVDV 27 and from ovaries collected from abattoirs. 8 Chronic oophoritis has also been described following acute infection with BVDV. 27 These findings could lead to changes in ovarian function, resulting in a reduction in fertility. Previous studies have suggested that ovarian function may be changed in cattle acutely 19 or persistently 15 infected with BVDV. The purpose of this study was to identify, using immunohistochemistry, ovarian cell types that are infected with BVDV following acute infection.
With an understanding of the cell types involved in BVDV infection of the ovary, hypotheses concerning potential causes of infertility manifested at the level of the ovary can be formulated.
Materials and methods
Twelve postpubertal Angus heifers were determined to be BVDV negative by virus isolation and BVDV seronegative by virus neutralization assay. The heifers were infected intranasally with 5 ml of tissue culture medium containing 10 5 CCID 50 /ml of noncytopathic BVDV isolate 1088. Unilateral ovariectomies were performed on 2 randomly selected heifers by laparotomy at days 4, 6, 10, 12, 14, and 16 postinfection. A second unilateral ovariectomy was performed on the same heifers at days 18, 25, 45, and 60 postinfection. Whole blood and serum samples were collected daily for 2 wk and then weekly for virus isolation and serology. From each ovary, 1 ml of follicular fluid and a 1-g section of corpus luteum were placed into 1 ml and 4 ml of Dulbecco's modified Eagle medium (DMEM) a , respectively, containing penicillin (100 units/ml), streptomycin (100 g/ml), and amphotericin-B (2.5 g/ml). The remaining portion of ovary was fixed in zinc formalin.
Luteal tissue and follicular fluid were processed for virus isolation by first homogenizing and then passing the resulting supernate through a 0.45-m syringe tip filter. Duplicate 200-l samples were inoculated onto low-passage bovine turbinate cells in 24-well cell culture plates. Supernate was passaged 3 times. White blood cells were isolated from whole blood samples following hypotonic lysis of red blood cells with a 0.83% solution of ammonium chloride in distilled water. The cells were washed once with 10 ml of DMEM and then resuspended in 1 ml of DMEM. Following freezing at Ϫ70 C to lyse the white blood cells, 50 l of solution was inoculated onto bovine turbinate cells in 96well plates and passaged once. A pooled monoclonal antibody (MAb)-based immunoperoxidase test was performed on each passage to detect noncytopathic BVDV. 4 Serum virus neutralization tests were performed as previously described using cytopathic BVDV isolate NADL as the reference strain. 12 Zinc formalin-fixed ovaries were processed 48 hr following collection. Three separate sections from each ovary were embedded in paraffin. Sections were processed for routine histologic staining with hematoxylin and eosin. Immunohistochemical procedures used were modified from those previously described. 16 Five-micrometer sections were mounted on silane-treated slides and baked for 1 hr at 56 C. Sections were deparaffinized in a limonene-based solvent b for 15 min and then rehydrated through a graded series of ethanol solutions to distilled water. Endogenous peroxidase activity was blocked by incubation with 3% hydrogen peroxide in absolute methanol for 5 min. Tissues were digested for 15 min at 37 C in 0.1% Protease XIV. c Following digestion, slides were washed in distilled water and then incubated with 5% horse serum in 0.05 M Tris buffer (blocking solution) for 30 min at 37 C to block nonspecific antibody binding. Detection of BVDV antigen was performed using the BVDV MAb 15C5 d in conjunction with an indirect avidin-biotinperoxidase (ABC) detection system. e MAb 15C5 was diluted 1:1,500 in blocking solution and applied to the tissues for 30 min at 37 C. To remove unbound antibody, slides were washed in 0.25 M Tris buffer with 0.35 M NaCl and 0.0005% Triton-X. After washing, tissues were incubated with biotinylated horse anti-mouse IgG for 20 min at 37 C. Following washing to remove unbound secondary antibody, the ABC reagent was prepared as recommended by the manufacturer and incubated with the tissues for 20 min at 37 C. Removal of unbound ABC was followed by incubation with the substrate 3-amino-9-ethyl carbazole f for 10 minutes at room temperature. Sections were counterstained with Mayer's hematoxylin and coverslipped using an aqueous mounting medium. To detect nonspecific binding, the primary MAb was replaced with a similar concentration of an irrelevant MAb of the same isotype directed against infectious bursal disease virus. g Sections of ovary from cows persistently infected with BVDV and cows not infected with BVDV as determined by virus isolation and serology were used as positive and negative controls, respectively.
Results
BVDV was isolated from the buffy coats from 10/12 heifers between days 6 and 10 postinfection. One animal died from postsurgical complications. All heifers had a Ն4-fold increase in serum neutralizing antibodies on day 45 postinfection (geometric mean titer ϭ 1: 75; range, 1:40-1:320). BVDV was isolated from the corpus lutea of 2 animals on days 6 and 8 postinfection. In both cases, BVDV was isolated from white blood cells at the same time. No virus was isolated from the follicular fluid collected from any of the animals. Histologically, scattered accumulations of interstitial lymphocytes were evident at day 8 postinfection ( Fig. 1) . Lymphocytic infiltrates increased and became more widespread between days 12 and 18 postinfec-tion. Scattered lymphocytic infiltrates remained evident at day 60 postinfection. Occasional eosinophils were observed in association with the lymphocytic infiltrates from day 14 to day 25 postinfection. Vacuolation of the ovarian stroma suggestive of edema was observed starting at day 8 postinfection. Vacuolation was most prominent between days 14 and 25 postinfection but remained evident to day 60. BVDV antigen was first detected on day 6 postinfection and remained evident in ovaries removed on day 60 (Fig. 2) . Positive staining was located exclusively in the cellular cytoplasm and was characteristically granular to mottled in appearance. The greatest amount of BVDV antigen immunostaining occurred in ovaries removed between days 8 and 25 postinfection. BVDV-specific antigencontaining cells, including interstitial stromal cells and macrophage-like cells, were found predominantly in the stroma of the ovarian cortex. Positive cells were found in association with primary follicles, secondary 
Discussion
The isolation of BVDV from the corpus luteum during the period of viremia following acute infection is consistent with the vascular nature of this tissue. In this study, BVDV was not isolated from any follicular fluid samples. Previous investigators have reported isolation of virus from follicular fluid taken from abattoir-derived ovaries. 8 Because the BVDV status of the animals from which the ovaries were collected was not determined in the abattoir study, these findings may reflect persistent infection with BVDV. Detection of BVDV in granulosa cells from cows persistently infected with BVDV has been reported. 9 There are several possible explanations for the inability to isolate BVDV from the ovary after the period of viremia even though antigen was detected. First, BVDV-infected cells identified by immunohistochemistry almost exclusively were located in the stroma of the ovarian cortex, an area not sampled. The type of tissue sampled in this study was determined based on previous reports of BVDV detection in follicular fluid and luteal tissue. No previous studies had localized BVDV to the stromal tissue of the ovary. Second, neutralization of virus may have occurred through exposure to BVDVspecific antibodies in the processed tissue homogenates. BVDV-specific immunoglobulins in the repro-ductive tract of cattle, including follicular fluid, have been detected and quantified. 29 Third, the detected BVDV antigen may represent antigen-antibody complexes persisting in resident ovarian macrophages.
Chronic lymphocytic oophoritis following experimentally induced acute BVDV infection was evident in the samples collected from day 8 to day 60 postinfection. These findings are similar to those previously reported following acute infection with cytopathic BVDV. 27 This inflammation is correlated with the extended period of time over which BVDV antigen was detected in cells within the ovarian stroma. Antigen was detected in cortical interstitial cells and macrophage-like cells within the ovarian cortex. This antigen may serve as a source of chronic immune stimulation, resulting in prolonged oophoritis. No BVDV antigen was detected in macrophages associated with regressing corpora lutea or atretic follicles. It is not clear if the detected antigen is associated with viable virus.
The detection of BVDV antigen and an associated oophoritis may explain reduced fertility in cows following acute infection with BVDV. Knowledge of the intricate relationship between ovarian physiology and the immune system is just beginning to evolve. 2, 28 Macrophages and several cytokines have been shown to play important roles in ovarian function. 1, 2, 13, 28 Tumor necrosis factor alpha 2 and interleukin-1 13 are 2 macrophage products that have important effects on follicular growth and differentiation. In vitro studies have identified changes in the function of macrophages following acute BVDV infection. 3, 6, 18, 20 Changes in cytokine concentrations as a result of inflammation or disruption of normal tissue macrophage function may lead to an interference with normal ovarian dynamics. Function of the ovary following acute infection with BVDV is the subject of ongoing studies.
The possibility that virus is sequestered within ovarian cells for extended periods of time has important implications in the control and prevention of BVDV. Evidence supporting BVDV latency is limited. In early studies, BVDV was isolated from lymphoid tissue for up to 56 days postinfection 24 and from blood and nasal swabs for up to 102 days postinfection. 22 However, no recent studies have supported these findings. Based on the kinetics of antibody production in response to acute BVDV infection, it has been suggested that viral latency is a possibility. 10 Following acute BVDV infection, neutralizing antibody titers rise slowly over a 10-12-week period. It has been argued that this slow rise may be the result of either infectious virus sequestered in immune cells or viral antigen being continuously presented to the immune system. 10 Other closely related flaviviruses, including hepatitis C and hog cholera virus, cause chronic infections following postnatal infection. 11, 26 In addition to the chronic oophoritis observed following acute infection with BVDV, the potential consequences of chronically sequestered viruses in the ovary are considerable. If the detected virus is viable, selective pressures could allow the virus to mutate and reemerge. If this possibility exists, further considerations must be made when designing control and prevention strategies. Additionally, local immune suppression of the reproductive tract during gestation could result in virus entering the uterine environment, causing fetal infection. Future studies are needed to determine the potential long-term viability of BVDV in the ovary following acute infection.
This study provided evidence that BVDV can infect cells in the bovine ovary and is associated with chronic oophoritis following acute infection. The persistence of BVDV antigen for an extended period of time following acute infection may be the source of the observed oophoritis. Given the complexity of the bovine ovary, the reported observations may result in a disruption in ovarian function with subsequent changes in reproductive performance.
